Chymostatin, a chymotrypsin inhibitor, was shownto be a mixture of components A, B and C. The structure of component A as determined to be iV-[((S)-l-carboxy-2-phenylethyl)-
of the diastereomers.
Fractional crystallization of di-flavianate of 4 from water gave two kinds of di-flavianates, from which two optical isomers 4a and 4b were obtained. Their molecular formulae and pKa values were then found to be identical with those of capreomycidine2' which is a constituent of capreomycin. The fragmentation pattern of 5 also agreed with that of the corresponding derivative of capreomycidine. Moreover, the physicochemical properties (the NMRspectrum is shown in Fig. 1 ) of 4b
proved to be identical with those of capreomycidine except for the sign of their optical rotations (Fig. 2) , indicating that 4b is the D-enantiomer of capreomycidine. The or-D-configuration of 4b was also deduced by applying the Clough-Lutz-Jirgensons rule3a) to the optical rotations of 4b.
On the other hand, the physicochemical properties (NMR spectrum: Fig. 1 ; ORDcurve: Fig. 3 ) of4a differed from those of 4b and capreomycidine. The optical rotation of 4a showedincomprehensible behavior under different conditions (in water, 1 eq. of HC1 and water, 2eq. of HC1and water, and 6 n HC1), and the configuration of the af-carbon atom could not be deduced by application of the Clugh-Lutz-Jirgensons rule.
Treatment of 4a with 1 n deuterochloric acid at 140°C for 48 hours gave a mixture containing equal amounts of deuterated diastereomers 4a and 4b. In the NMR spectrum, no signals for the a-methines of both deuterated 4a and 4b were discerned because of deuterium exchange of their protons. Similar treatment of 4b with deuterochloric acid gave the same phenomenon. These results indicated that racemization occurred at the a-methine of 4, but not at the^-methine during the acid-hydrolysis of 1. Consequently, 4a differs from 4b only in the configuration of the ct-carbon atom, indicating that the a-carbon atom of 4a has l-(or S-) configuration and, accordingly, the /3-carbon atom has S-configuration. Thus, the new basic amino acids 4a and 4b were determined to The NMRspectrum (D2O, Fig. 4 ) of 1, however, showed that 1 had only a single component, which consisted of either of d-or L-phenylalanine and either of 4a or 4b. The molecular weight of the hydrochloride of 1 was estimated to be approximately four hundred by the vapor pressure osmometer and three pKa values (<3, 3.9 and > 12) of 1 in water indicated the presence of two carboxyl groups and a strong basic group. A drastic hydrazinolysis (in a sealed tube, at 120°C, overnight) of 1 gave Fig. 1 . NMRspectra of4a, 4b and capreomycidine (Cap.) in D2O+1 eq. DC1 at 100 MHz phenylalanine as a single C-terminal amino acid. Consequently, the other C-terminal amino acid is the amino acid 4, although this was decomposed by hydrazinolysis and could not be detected. The natural-abundance carbon-13 Fourier transform NMRspectrum (in D2O; Fig. 5 ) of 1 showed the presence of sixteen carbon atoms, fifteen of which were due to the moieties of phenylalanine (nine carbon atoms) and 4 (six carbon atoms). The residual one carbon atom was assigned to a carbonyl carbon because of its lower field resonance. Fromthe above results, 1 was assumedto be an ureido-type derivative composed of phenylalanine and 4. Next, the absolute stereochemistry of the phenylalanine and 4 in 1 was established by preparing the monomethyl ester (6) of 1 by different routes as follows. Treatment of 1 with diazomethane gave, in 70 % yield, the monomethyl ester 6 [monohydrochloride : [a] ]J +28.5°(methanol)] which was expected since a zwitter ion should form between the carboxyl and guanidino groups of the constituent 4, leaving only the carboxyl group of the phenylalanine moiety susceptible to esterification. Digestion of the 6 at pH 6 and 27°C overnight with a-chymotrypsin, which specifically splits the peptide or ester bond adjacent to the carbonyl of L-phenylalanine gave quantitatively the original 1, indicating that only the carboxyl group of phenylalanine had been esterified and, moreover, that the phenylalanine in 1 was the L-isomer. Therefore, of the four possible structures for 6 (or 1), the two containing D-phenylalanine moieties could be ruled out. Next, in order to distinguish between the two possible structures containing L-phenylalanine, the isocyanate of L-phenylalanine methyl ester was synthesized and condensed with natural 4a and 4b in dimethylsulfoxide, giving 6a [monohydrochloride : [a] ]J +28.5°(methanol)] in 70% yield and 6b [monohydrochloride: [a] )J +6.5°(methanol)] in 73% yield, respectively. Compounds4a and 4b were used directly in the condensation since their carboxyl and guanidino groups were expected to form a zwitter ion and to be unreactive to the isocyanate. This expectation was realized. Hydrolysis of 6a with a-chymotrypsin gave a compoundidentical with 1, whereas 6b gave an isomer (l/) of 1 which was assumed to be composed of L-phenylalanine and 4b. Compounds 1 and 1/ were distinguishable on a silica gel thin-layer chromatogramwith the solvent system: /z-butanolethanol -water (4: 1 : 2); 1: Rf 0.35 and \': Rf0.31. The physicochemical properties (NMR spectra: Fig. 6 ; ORDcurves: Fig. 7 ) of 6, 6a and 6b indicated that natural 6 was identical with 6a, but not with 6b, and therefore 6 was a ureide of L-phenylalanine methyl ester and a-[2-iminohexahydro-4(S)-pyrimidyl]-L-glycine.
Thus, the structure of 1 could be established as A4((S)-l-carboxy-2-phenylethyl)-
Milder treatment of 1 with 1 n hydrochloric acid (105°C, 24 hours) gave only compounds 7a and 7b (as noted earlier) in a ratio of approximately 3: 1. These gave, on further hydrolysis (140°C, 48 hours), a stereoisomeric mixture of phenylalanine and 4. The NMRspectra (in CF3COOD or THE JOURNAL OF ANTIBIOTICS NOV. 1973 Fig. 6. Parts of NMRspectra of monohydrochlorides of 6, 6a and 6b in DMSO-deat 100 MHz DMSO-d6) of7a and 7b and 18C-NMRspectrum (in DMSO-d6; Fig. 8 ) of7a indicated that 7a and 7b contained the sameconstituents as 1, except that both 7a and 7b had equal amounts of two components because of their double (1 : 1) signals.
These results showed that 7a and 7b, as a whole, were composedof all of the four compounds anticipated from the consituents of d-or lphenylalanine and 4a or 4b. On treatment of 7a or 7b with 1 n hydrochloric acid, partial conversion to 7b or 7a respectively was observed. Compounds7a and 7b were basic substances and the pKa values of both (in 50%aq. methanol) werẽ 2.9 and > 12, indicating the presence of a carboxyl group and a strong basic group and the absence of the second carboxyl group which was observed in 1. Drastic hydrazinolysis of7a and 7b gave no phenylalanine, indicating that the carboxyl groups of the phenylalanine moieties were not free.
Comparing the NMRspectra (in DMSO-d6)of 7a and 7b with that of 1, revealed that the a-imino singnals of moiety 4 were absent from 7a and 7b and, moreover, the a-imino signals of their phenylalanine moieties were deshielded and were each observed at d -8.7. These observations suggested that both 7a and 7b were hydantoins involving the carboxyl group of the phenylalanine moiety and the a-imino group of moiety 4 in 1. Moreover, an absorption maximumat 1775 cm"1, which could be assigned to the hydantoin ring, was present in their IR spectra. This finding is in accord with the view that ureido derivatives are converted into hydantoins by treatment with hydrochloric acid.4>
Since optically active hydantoins are knownto be racemized in dilute alkaline solution,4' racemization of 7a and 7b can be assumedto occur on columnchromatographyusing solvent system containing aqueous ammonia. Treatment of 7a or 7b with 2 n deuterated ammoniain deuterium oxide and deuteromethanol caused no chromatographic change but did cause the selective disappearance from their NMRspectra of the #-methine signals of the phenylalanine moieties. This result indicated that only the a-methines of the phenylalanine moieties were racemized in the dilute alkaline solutions used in column chromatography (as distinguished from the experimental section "Preparation of 7a and 7b from !")à" Thus, it is evident that both 7a and 7b are mixtures composed of equal amounts of d-and L-phenylalanine -containing constituents, and the a-carbon atom and carbonyl groups of their D,L-phenylalanine moieties are contained in hydantoin rings.
A milder treatment of 1 with 1 n deuterochloric acid (105°C, 24 hours) gave deuterated 7a and 7b in a ratio about 3: 1. In the NMRspectrum of this deuterated 7b, the ct-methine signal of moiety 4 was not discerned because of deuterium exchange. The NMR spectrum of deuterated 7a showedthat about 10% of the a-methine of moiety 4 was exchanged with deuterium. These findings suggested that the 4a moiety of 1 would be racemized partially to the 4b structure by a keto-enol tautomerism, and that 7a and 7b contained the original 4a moiety and the transformed 4b moiety, respectively. The easy racemization of the a-carbon atom of moiety 4 may be due to keto-enol tautomerism accelerated by protonation at N-3 (Chart 3). The of-methines of the phenylalanine moieties of 7a and 7b were not exchangeable with deuterium in the mild treatment of 1 with deuterochloric acid mentioned above. The NMRspectrum of a mixture of 7a and 7b, prior to separation by column chromatography using aqueous ammonia, showed no change in Next, the structural elucidation of 2 (2a, 2b and 2c) will be described. Columnchromatography of hydrolysates of chymostatin gave 2a and 2b: the ratio was approximately 10: 1.
Compound2a was hydrolyzed with 0.1 n hydrochloric acid at 120°C for 30 minutes to give 1 and L-leucine. Also, digestion of 2a with carboxypeptidase A (pH 8.0, 27°C, 3 hours), which splits specifically at the site of the amino group of the C-terminal L-amino acid, gave 1 and leucine, implying that leucine was the L-isomer and one of the C-terminal amino acids of2a. Compound1, however, was not further degraded with carboxypeptidase A, probably because of the presence of a ureylene group. Drastic hydrazinolysis of 2a gave two C-terminal amino acids, phenylalanine and leucine, indicating that the amino group of L-leucine forms an amide linkage with the carboxyl group of the moiety 4a. The pKa values (~4, 5.6 and > 13) of 2a in 60% aqueous dimethylformamide showed the presence of two carboxyl groups and one strong base, supporting the proposed structure. Similarly, acid hydrolysis, digestion with carboxypeptidase A, and hydrazinolysis of 2b indicated that 2b is composed of L-valine and 1, linked by an amide bond formed between the amino group of valine and the carboxyl group of moiety 4a. The NMRspectra and elemental analyses of 2a and 2b were consistent with the structures postulated.
A drastic hydrazinolysis of chymostatin gave only phenylalanine as a C-terminal amino acid, suggesting that leucine of 2a, valine of 2b and probably isoleucine of 2c respectively were bound to another constituent through their carboxyl groups.
The other constituent (3), which could be extracted with ether from the acid hydrolyzates of chymostatin, was optically inactive and gave a positive with triphenyltetrazolium chloride reagent for a reducing compound. The mass spectrum showed the highest peak at mje 151, which probably corresponded to M++ 1 because the elemental analysis of3 showed only the presence of carbon (71.90 %), hydrogen (6.69%) and oxygen (21.35%) atoms. Thus the most probable empirical formula of 3 is C9H10O2 (molecular weight: 150). The NMRspectrum (in CDC13) of 3 showed one hydroxyl signal at 5 3.0, which disappeared upon deuteration, two methylene singlets at d 3.77 and d 4.33, and one phenyl signal at d -7.35. Hydrogenation of 3 with zinc borohydride5) under neutral conditions, followed by acetylation with acetic anhydride and pyridine gave the diacetyl derivative 8 in 86% yield. Its NMR spectrum (in CDC13) showed the presence of the chain -CH2-CH-CH2-, two O-acetyl groups and one phenyl group. Taking into account its mass spectrum (M+ 236) and elemental analysis 8 is considered to be l,2-di-(9-acetyl-3-phenylpropane.
Therefore, the parent 3 should be l-hydroxy-3-phenyl-2-propanone, and this was confirmed by comparison with an authentic sample. However,chymostatin showed, in its ultraviolet spectrum, molar absorptivities at the wavelengths of maximumabsorption essentially equal to the sum of those of the constituents 2a (or 2b) and 3, and, when treated with acidic methanol and acidic w-butanol, chymostatin gave a dimethyl acetal and a di-«-butyl acetal respectively. Their structures were supported by the 0-methyl signals (3 -3.4; 6H) and O-n-butyl signals (3 0.5-1.7 and 3 3.3-3.7; 18H in total) in their NMRspectra (DMF-d7), and suggested the presence of an aldehyde group in chymostatin. This result was also consistent with the presence of an aldehyde singlet at 3 9.5 in the NMRspectrum (in DMF-d7) of chymostatin. The above findings implied that, an aldehyde-containing precursor, which could be converted to 3 by acid hydrolysis, is present in chymostatin.
Chymostatin was oxidized with potassium permanganate to give the product (9) in about 60% yield. Thoughattempted isolations of the pure componentswere unsuccessful, the results of elemental analyses were essentially in agreement was a structure containing leucine. Hydrolysis of 9 with 1 n hydrochloric acid (120°C, 40 minutes) gave new constituents 10a and 10b, and DL-phenylanine, in addition to the above-mentioned constituents 1. 2a, 2b, leucine, valine and isoleucine. Compound 3, however, was not detected in this hydrolysate, indicating that this moiety was changed by oxidation. Further acid-hydrolysis of 10a and 10b gave L-leucine and DL-phenylalanine, and L-valine and DL-phenylalanine, respectively. The Edmandegradation6' of 10a and 10b gave the phenylthiohydantoins of leucine and valine respectively as N-terminal amino acids in addition to intact phenylalanine as C-terminal amino acids in common. These results suggested that 10a and 10b are L-leucyl-DL-phenylalanine and L-valyl-DL-phenylalanine respectively, and the identifications were confirmed by synthesis. These findings indicated that 9 was a mixture of components containing 1 and 10a (or 2a and DL-phenylalanine), and 1 and 10b (or 2b and DL-phenylalanine) at least. Hydrazinolysis of 9 still liberated phenylalanine as the C-terminal amino acid, supporting this suggestion. Thus, it was proved that, on oxidation of chymostatin, a DL-phenylalanine moiety was generated, indicating that chymostatin originally contained the aldehyde phenylalaninal, which could reasonably be converted to 3 on an acid hydrolysis. Digestion of 9 with carboxypeptidase A at 27°C for 30 minutes also gave 2 and L-phenylalanine. This L-phenylalanine must be a C-terminal amino acid which has originated from the phenylalaninal in chymostatin, because the constituent 1, which also has L-phenylalanine as a C-terminal residue, is not attacked by this enzyme. Throughout this enzymatic hydrolysis, some starting material (tentatively named as 9D) containing D-phenylalanine as one of the C-terminal amino acids remained unchanged. Partial hydrolysis of 9D with hydrochloric acid gave the expected D-phenylalanine as long as 1 remained intact. Further enzymatic digestion (for 3 hours) of the above mixture gave 1, L-phenylalanine, lleucine, L-valine and L-isoleucine, and the molar ratios of the four amino acids by quantitative amino acid analysis were: 16: 10: 2: 1. Therefore, the original chymostatin was determined to be a mixture Based on the aforementioned results, we concluded that structures of chymostatins A, B and C are -
respectively. From the structural viewpoint, it is noteworthy that chymostatin contains a ureylene and phenylalaninal groups. The ureylene group has been found in antipain7' inhibiting trypsin and papain.
The presence of the phenylalaninal group is interesting, because the peptide bond on the carboxyl side of phenylalanine in peptides undergoes chymotrypsin hydrolysis.
Experiment a l
Infrared spectra (IR) were recorded from potassium bromide discs, unless otherwise stated, with a Perkin-Elmer Infared Spectrometer and a Hitachi 285 Infrared Spectrometer. Optical rotation measurements were obtained with a Carl Zeiss Photoelectric Precision Polarimeter (2 cm cells). Nuclear magnetic resonance (NMR)spectra were measured on Varian Associates A-60Dand HA-100instru-ments, and are given in parts per million (d) downfield from the internal standards : tetramethylsilane for the solution of organic solvents, and sodium 4,4/-dimethyl-4-silapentane-l-sulfonate for the solution of deuterium oxide. Mass spectra were determined on a Hitachi RMU 6Dinstrument. Molecular weight was determined on a Mechrolab Vapor Pressure Osmometer300. Aminoacid analyses were carried out on a Beckman120CAutomatic Recording Analyser. Thin-layer chromatography (TLC) was performed with silica gel ("Silica-Rider" purchased from Daiichi Pure Chemicals Co.), pre-coated plates ("Replate" purchased from Yamato Kagaku Co.) or microcrystalline cellulose powder ("Avicel" purchased from Funakoshi Yakuhin Co.) and substances were detected by spraying with: (a) ninhydrin reagent: a 0.25% solution of ninhydrin in pyridine (then heated at 100°C for a few minutes); (b) Rydon-Smith reagent9* : An alkaline solution of sodium hypochlorite (antiformin), ethanol (then dried with hot air) and then a mixture of 1 % aqueous starch and 1 % aqueous potassium iodide solution; (c) TTCreagent : a mixture of 4 %methanolic triphenyltetrazolium chloride solution and 1 n methanolic sodium hydroxide solution (then heated at 100°C for a minute) and (d): cone, sulfuric acid (then heated for a few minutes). Column chromatography was performed by the use of silica gel (Mallinckrodt AR-100, unless otherwise stated) or cellulose powder ("Avicel"). Cellulose powder was at first packed with acetone, and then the acetone was replaced with water and finally replaced with the appropriate solvent system for a separation pattern to parallel to that of TLC. Chromatograms were developed in the following solvent systems: A, chloroform -ethyl acetate (4: 1); B, nbutanol-ethanol-chloroform-17 % aqueous ammonia (4 : 4 : 2 : 3) ; C, «-butanol-ethanol-chloroform-17 % aqueous ammonia (4: 5: 2: 4); D, «-butanol-acetic acid-water (3: 1 : 2); E, ft-butanol-ethanol-water (4: 1 : 2); F, ethyl acetate-methanol-10% aqueous acetic acid (5: 2: 1) and G, benzene-ethyl acetate (8: 1). The C-terminal amino acid analysis was carried out by the usual hydrazinolysis except for the reaction temperature (120°C). The resulting solid containing C-terminal amino acids was submitted to quantitative amino acid analysis to distinguish leucine and isoleucine. The N-terminal amino acid analysis was carried out by the usual Edman degradation using phenylisothiocyanate. Chymotrypsin and carboxypeptidase used for enzymatic hydrolyses were obtained commercially from Worthington Biochemical Corporation : a-chymotrypsin (49 U/mg; CDI) and carboxypeptidase A-DFP (50 U/mg; 92.2 mg/ml; COADFP), respectively. Chymostatin. Chymostatin used for the present investigation had mp 204-208°C (dec), [a] UV spectrum [in a mixture of acetic acid (1 ml) and methanol (3 ml)]: imax 0)~278 (380), 268
(450), 264 (500), 258 (540), 253 (510), 247 m/u (500).
NMRspectrum (dimethylformamide-d7): 3 0.88 [6H m, (CH3)2CH], 1.2-2.3 (5H m, two methylenes and one methine), 3-3.5 (4H m, two methylenes), 3.5-4.1 (3H m, CH2 and CH), 4.2-4.9 (4H m, four a-methines), 5-5.9 (2H broad m, H2O?), 6.5-7.9 (4H m, four imines), -7.28 (lOH m, two phenyl groups), 8.1-9.3 (3H m, three imines), 9.6 (1H s, aldehyde).
Chymostatin is positive to Rydon-Smith and TTC, but negative to ninhydrin, Sakaguchi and diacetyl reagents.
The C-terminal amino acid analysis of chymostatin gave only phenylalanine. Partial Hydrolysis of Chymostatin (Isolation of 1, 2a, 2b, 3, L-leucine and L-valine) . A solution of chymostatin (1.0 g) in acetic acid (10ml) and 1 n hydrochloric acid (10 ml) was heated at 12O.°C for 40 minutes in a sealed tube. The resulting purple solution was shaken with ethyl ehter (10 ml x 3). The ethereal layer showed virtually a single spot of Rf 0.50 on a silica gel TLC(Solvent system A), and the aqueous layer showed two ninhydrin-positive spots of Rf 0.58 and 0.52 and four RydonSmith -positive spots of Rf -0.7, 0.53, 0.51 and 0.25 on a cellulose TLC(Solvent system B).
(a) Isolation of 3: The ethereal layer was washed with water (3 mlx2), dried over sodium sulfate and evaporated to give a solid. The solid (130 mg) was chromatographed on a column of silica gel (20 g) with Solvent system A and the fraction containing the substance at Rf 0.50 (35-80 ml) was evaporated to give crystals. Recrystallization from water gave colorless plates; yield 72.5 mg; mp 47°C, [a] Compound3 was identical with l-hydroxy-3-phenyl-2-propane, which was synthesized in three steps from phenylacetic acid according to the procedure of Fisher and Hibbert8'. The physicochemical properties of this substance were identical with those of an authentic sample of L-leucine.
Next, the Rydon-Smith -positive fraction (130-210 ml) containing 2a was evaporated to give a solid (370 mg), which was chromatographed on a column of Dowex1 x2 (OH form, 15 x 110 mm). Water (40 ml) eluted impurities; subsequent elution with 0.1 n hydrochloric acid gave 2a in fraction 60-120 ml, which was reprecipitated from methanol -ethyl ether to give a colorless monohydrochloride-monohydrate; yield 340 mg; mp 192-193°C (dec), [a] ]J +26.8°(c 0.82, acetic acid); pKa <4> 5.6, > 13 (in 60% aqueous dimethylformamide). phenyl (in Phe) ]. On irradiation at 8 4.83, a multiplet at 3 3.27 collapsed to an AB quartet (J -14 Hz) with changes in the multiplets at 3 -3.9 and -1.85. Irradiation at 3 2.05 caused multiplets at 3 -3.95 and -3.5 to col- lapse to a doublet (J -7 Hz) and an ABquartet (J~14 Hz), respectively, with change of multiplets at 5~1.05 into singlets. UV spectrum: iica°xH (e) 267 ( The subsequent fraction (33-72 ml) positive to Rydon-Smith containing 2b was evaporated to give a solid (39 mg), which was chromatographed on a column ofDowex 1 x2 (OH form, 5.5 x60 mm) with water (2 ml) and successively with 0.1 n hydrochloric acid. The fraction (2.5-4 ml) containing 2b was evaporated to a solid which was precipitated from methanol -ethyl ether to give a colorless monohydrochloride-monohydrate; yield 31 mg; mp -173°C (dec), [a] 2D°+28.0°(c 1.0, acetic acid); pKa <4, 5.5, > 13 (in 60% aqueous dimethylformamide). The C-terminal analysis of 1 gave only phenylalanine as an amino acid; the constituent 4a was assumed to be deomposed by hydrazine.
Acid Hydrolysis of 1 (Isolation of DL-Phenylalanine and 4). A solution of 1 (300mg) in 1 n hydrochloric acid (60 ml) was heated at -145°C for 72 hours in a sealed tube and then evaporated. The residue showed, by TLCon a silica gel "Replate" (Solvent system C), two ninhydrin-positive spots of Rf 0.64 and 0.30 and two Rydon-Smith -positive spots (minor) of Rf 0.63 and 0.60. The residue was chromatographed on a column of silica gel (Wako gel, 80 g) with Solvent system D. A mixture ofphenylalanine (Rf 0.64), 7a (Rf 0.63) and 7b (Rf0.60), and 4 (Rf0.30) were eluted in this order in the fractions of 130-250 and 280-640 ml, respectively. The former fraction was evaporated and the residue (220 mg) was chromatographed on a column of Amberlite CG-50 (H form, 20 x 120 mm) with water. The fraction (17-67 ml) of phenylalanine was evaporated and the residual solid was recrystallized from water to give colorless plates of DL-phenylalanine; yield 87 mg; mp > 250°C (dec), [a] The physicochemical properties of the substance were identical with those of authentic DL-phenylalanine.
The fraction (75-225 ml) containing 7a and 7b was evaporated and the residue (95 mg) was separated into 7a (30mg) and 7b (21 mg) by cellulose and Dowex 1 x2 (OH form) column chromatography as will be described in the preparation of 7a and 7b from 1. From the above silica gel column, the fraction containing 4 was evaporated and the residue (100 mg) was chromatographed on a column of Dowex1 x2 (OH form, 10 x200 mm) with water. The ninhydrin-positive fraction (27-42 ml) was evaporated to give colorless crystals of the free base of 4; yield 51mg; mp -240°C (dec); pKa <2, 7.5, >12 (in water).
The molar optical rotations of 4 are shown in Table 1 . Isolation of 4a and 4b. A sample of (46mg, 0.27mmol) of 4 was dissolved in a hot aqueous solution (4.5 ml) of flavianic acid dihydrate (200 mg, 0.57 mmol) and the solution was allowed to stand at room temperature.
The resulting crystals (153 mg) were filtered, washed, and repeatedly recrystallized from water (2.8 ml and 1.2 ml) to give yellow prisms of the diflavianate of 4a; yield 102 mg; mp 199-202°C (dec). IR spectrum: 3400-3000 (NH), -2900 (CH), -2500 (NH), 1745 (COOH), 1680, 1625 (guanidinium), 1585, -1350 (NO2), -1200, 1035 (SO2), 820, 785, 705 cm"1 (phenyl). The diflavianate of 4a is sparingly soluble in water but insoluble in organic solvents. A solution of the diflavianate of 4a (102 mg) in 6 n hydrochloric acid (10 ml) was extracted three times with benzene (each 3 ml) and evaporated to give the hydrochloride of 4a, which was passed through a short column of Dowex 1 x2 (OH form) with water. The fraction (pH 8-9) containing 4a was evaporated to give the free base monohydrate; colorless needles; 20 mg; mp 251°C (dec); pKa <2, 7.5, > 12 (in water). The molar optical rotations of 4a are shown in Fig. 3 NMRspectrum (D2O and 1 equivalent DC1; Fig. 1 and 4.19 collapsed to an AB quartet (J 13 Hz) and a doublet (J 5 Hz) respectively. On simultaneous irradiation at 3 3.43 and 4.19, a multiplet at 3 -2.05 collapsed to an AB quartet (J -13 Hz). The filtrates and washings from isolation of 4a diflavianate were combined and evaporated to a yellow residue (1 15 mg), which was repeatedly recrystallized from water (0.8 ml and 0.7 ml) to give yellow prisms of 4b diflavianate; yield 94 mg; mp 213-220°C (dec), [a] g\ -5.6°(c 1.0, water).
Found: C 38.74, H 3.32, N 13.64, S 7.85%. Calcd. for C6H12N4O2-2C10H6N2O8S: C 39.00, H 3.02, N 13.99, S 8.01%.
IR spectrum: 3400-3010 (NH), -2900 (CH), -2500 (NH), -1750 (COOH), 1680, 1640, 1625 (guanidinium), 1580, -1350 (NO2), -1225, 1035 (SO2), 820, 785, 705 cm"1 (phenyl). This flavianate is soluble in water but insoluble in organic solvents. Capreomycidine similarly gave a diflavianate which was recrystallized from water to give yellow prisms; mp 213-220°C (dec), [a] l°+5.6°(c 1.0, water). The IR spectrum (KBr) was completely superimposable on that of the diflavianate of 4b.
The flavianate of 4b (94 mg) was treated with 6 n hydrochloric acid followed by column chromatography with Dowex 1 x2 (OH form) to give colorless needles of the free base of 4b; 17 mg; mp 241°C (dec); pKa <2, 7.5, >12 (in water).
The molar optical rotations of 4b are shown in Fig. 2 and 4.23 collapsed to an ABquartet (J -13 Hz; a singlet in appearance) and a doublet (J -5 Hz), respectively. Simultaneous irradiation at <5 3.50 and 4.23, caused a multiplet at 3 -2.18 to collapse to an ABquartet (J -14 Hz). By similar treatment the diflavianate of capreomycidine gave colorless needles of the free base.
The physicochemical prperties of capreomycidine (NMR spectrum: Fig. 1) , except for the sign of optical rotations ( Fig. 2 and Table 1 ), were in fair agreement with those of 4b. Substance 4 could also be fractionally crystallized as the monopicrate to give equal amounts of crystalline 4a and 4b. The monopicrate of 4a was obtained as crystalline yellow plates; mp -210°C (dec), but that of 4b could not be crystallized.
Preparation of 5. To a solution of free base 4 (40 mg) in dry methanol (4 ml), acetic anhydride (2 ml) was added and the solution was allowed to stand at room temperature for 10 hours. Cellulose TLC(Solvent system E) showed that the starting material (Rf 0.10) had been replaced by a new spot (5, Rf0.51) . The reaction mixture was evaporated and the residual solid (64 mg) was chromatographed on a column of cellulose powder (15 g) with Solvent system F. Solvent systems containing ethanol and butanol could not be utilized for chromatography of 5 because they caused ester exchange. The fraction (65-180 ml) containing 5 was evaporated to give a very hygroscopic solid; yield 59 mg (95 %); Mi>5 +17.5° (c 1.0, methanol 197, 185, 169, 149, 138, 137, 127, 110, 98. Preparation of6 from 1. To a stirred solution of1 (140 mg, 0.385 mmol) in 50% aqueous methanol (2 ml), ethereal diazomethane (4 ml) was slowly added until the solution remained pale yellow. After 30 minutes, cellulose TLC(Solvent system E) of the solution showed that the starting material (Rf 0.30) had disappeared and new compounds of Rf 0.67 (6; major) and Rf -0.5 (7a and 7b; minor) had appeared. In order to prevent 6 from forming a hydantoin, a monohydrochloride was prepared: To the solution was added 1 n hydrochloric acid (0.385 ml); the resulting solution was evaporated to a pale yellow solid (170 mg), which was chromatographed on a column of cellulose powder (40 g) with Solvent system E. The fraction (50-70 ml) containing 6 was evaporated and the residual solid was dissolved in methanol. The solution was treated with active charcoal and evaporated to give a colorless Table 2 . Optical rotations ofmonohydrochlorides of6, 6a and 6b in methanol (c 1.0; 17°C) Compd. Table 2. On silica gel TLC (Solvent system E), 6 showed a single spot of Rf 0.53.
Synthesis of the Isocyanate of L-Phenylalanine Methyl Ester. The monohydrochloride of L-phenylalanine methyl ester was prepared in the usual way and had mp 153-154°C; [a] á" +15°(c 1.0, MeOH). Through a stirred suspension of the monohydrochloride of L-phenylalanine methyl ester (6.5 g) in dry toluene (100 ml), a slow stream of phosgene was introduced at 120~130°C under reflux. After 2.5 hours, the resulting clear solution was cooled to about 50°C. After removal of the solvent, the residual oil was distilled under reduced pressure to give a colorless oil of the isocyanate of L-phenylalanine methyl ester; yield 5.5 g (90%); bp4 121°C; [afB7 -83.3°(c 2.4, ab. toluene).
Found: C64.25, H5.52, N6.80%. Calcd. for CnHnNOs: C64.38, H5.40, N6.83%. IR spectrum (neat): 3040, 2950 (CH), 2250 (N=00), 1755 (ester), 800, 750, 700 cm"1 (phenyl). The D-isomer of the isocyanate was also obtained by the method described above; bp4 121°C; [aft7 +78.8°(c 3.3, ab. toluene) .
Synthesis of 6a. To a solution of the free base of 4a (31.8 mg, 0.185 mmol) in dry dimethylsul- foxide (2 ml), a solution of the isocyanate of L-phenylalanine methyl ester (37.9 mg, 0.185 mmol) in dry dimethylsulfoxide (0.5 ml) was added and the solution was allowed to stand at room temperature for 1 hour. Silica gel TLC (Solvent system E) showed that the starting material (4a; Rf 0.06) disappeared and two new spots of Rf 0.53 (6a; major) and Rf 0.62 (trace) appeared. The solution was evaporated with several additions of toluene to give a residue, which was dissolved in methanol (1 ml). Compound6a was converted to the monohydrochloride, to avoid the formation of a hydantoin as described in the synthesis of 6. To the methanolic solution was added 0.5 n hydrochloric acid (0.4 ml). The solution was evaporated and the residue was chromatographed on a column of silica gel (Wako gel, 15 g) with the solvent system E. The fraction (18-30 ml) containing 6a was evaporated, and the residue was treated with methanol and active charcoal to give a colorless solid of the monohydrochloride of 6a; yield 52 mg (70%); mp 160~161°C (dec). The optical rotations are shown in Fig. 7 Product 6a was identical with 6, which was prepared from natural 1 [mixture melting point ; optical rotations; IR; NMR (Fig. 6) and TLC]. Synthesis of6b. To a solution of the free base of 4b (26.3 mg; 0.153 mmol) in dry dimethylsulfoxide (2 ml), a solution of the isocyanate of L-phenylalanine methyl ester (32 mg, 0.153 mmol) in dry dimethylsulfoxide (0.5 ml) was added, and treated as described in the preparation of 6a to give the monohydrochloride of 6b as a colorless solid, which showed a single spot of Rf 0.53 on silica gel TLC (Solvent system E); yield 52 mg (73%); mp 153~155°C (dec). The optical rotations are shown in Fig. 7 and Table 2 . -7.7, -7.75 and -8.4 [each 1H m, two imino and one carboxyl (?) protons (in 4b)].
The C-terminal amino acid analyses of 6a and 6b gave no amino acids. Enzymatic Conversion of 6 (or 6a) and 6b into 1 and l'. To a suspension of the monohydrochloride of 6 (1.5 mg) in water (0.2 ml), 1 % a-chymotrypsin solution in 0.001 n hydrochloric acid (0.02 ml) was added; the mixture was neutralized to pH 6 by the addition of 0.05 n aqueous sodium hydroxide and then digested at 27°C for 12 hours. Silica gel TLC (Solvent system E) of the solution showed the appearance of 1 (Rf 0.35) and disappearance of the starting material (0.53). Cellulose TLC (Solvent system B) also showed the regeneration of 1 (Rf 0.25) in the reaction. Synthetic 6a also gave 1 by the same method. However, when the monohydrochloride of 6b was digested with tf-chymotrypsin, only the isomer l' was formed and this showed a single spot of Rf 0.31 on silica gel TLC(Solvent system E).
In parallel with this experiment, the monohydrochlorides of L-phenylalanine methyl ester and D-phenylalanine methyl ester were digested with tf-chymotrypsin. The former gave L-phenylalanine, but the latter gave no D-phenylalanine, establishing that the enzymespecifically attacks L-isomer under these conditions.
Preparation of 7a and 7b from 1. A solution of monohydrochloride-monohydrate of 1 (100 mg) in 1 n hydrochloric acid (20 ml) was heated in a sealed tube at 105-110°C for 24 hours. Cellulose TLC (Solvent system B) of the solution showed that the starting material (Rf 0.25) disappeared and, two new spots (7a, Rf0.55; 7b, Rf 0.48) appeared. The solution was evaporated to a residue (110mg), which was chromatographed on a column of cellulose powder (50 g) with the solvent system B. The fraction (66~89 ml) containing 7a was evaporated to a solid (57 mg), which was chromatographed on a column of Dowex 1 x2 (Cl form, 5 x40 mm)with water. The fraction containing 7a was evaporated and recrystallized from 50%aqueous methanol to give colorless plates; yield 37 mg; mp >300°C pKa 2.9 and > 12 (in 50% aqueous methanol). Found: C 55.63, H 5.58, N 19.97%. Calcd. for C16H19N5O4: C 55.64, H 5.54, N 20 .28%. IR spectrum: 3300-3200 (NH), -2900 (CH), 1775 (CO of a hydantoin ring), -1720 (COOH), 1660-1625, -1575 (guanidine and ureide), 810, 770, 700 cm"1 (phenyl) . NMR spectrum (CF3COOD) The fraction (89-1 15 ml) containing 7b was also evaporated and purified by the method described above. Recrystallization from 50%aqueous ethanol gave colorless needles of the monohydrate; yield Also, a solution of1 (1 mg) in acetic acid (0.1 ml) was heated in a sealed tube at 125°C for 45 minutes to give only two products 7a and 7b. The C-terminal amino acid analyses of 7a and 7b gave no amino acids. Partial Conversion between 7a and 7b. A solution of 7a (50 mg) in 1 n hydrochloric acid (10 ml) was heated in the same manner as in the preparation of 7a and 7b from 1. Cellulose TLC (Solvent system B) showed that 7b (Rf0.48) was present in addition to 7a (Rf0.55). The solution was evaporated to dryness and the products were purified as described above to give 7a (17 mg) and 7b (8 mg). The monohydrate of 7b (50 mg) treated with 1 n hydrochloric acid (10 ml) yielded 7a (7 mg) and 7b(18mg). FurtherAcid Hydrolyses of7a and 7b. A solution of7a or 7b (100mg) in 1 n hydrochloric acid was heated in a sealed tube at 145°C for 48 hours and evaporated to dryness. The resisdue was separated by chromatography, as described for the acid hydrolysate of 1, to give 4 (-15 mg), DL-phenylalanine (-20mg), 7a (-9 mg) and 7b (-6 mg).
Treatment of7a and 7b with Sodium Hydroxide. A sample of7a (100 mg, 0.29 mmol) was dissolved in 1 n aqueous sodium hydroxide solution (0.58 ml, 0.58 mmol) and the solution was allowed to stand at room temperature for 12 hours. Silica gel TLC(Solvent system E) showed that the starting material (Rf 0.54) disappeared and was replaced by two new spots of Rf 0.35 (major) and Rf 0.31 (minor). The mobilities of new spots were identical with those of 1 and the isomer l\ which were obtained from 6a (or 6) and 6b, respectively, by enzymatic hydrolyses. The solution was neutralized with Amberilite CG-50 (H form) and evaporated to a residue (100 mg), which was chromatographed on a column of Amberlite CG-50 (H-form, 10 x 50 mm) with water. The fraction (10-30 ml) containing the substances at Rf0.35 and Rf 0.31 was evaporated to give a colorless solid; yield 91 mg; mp 208°C (dec); [aft9 +16° (c 1.0, water The solid was considered to be a mixture of isomeric forms of 1 and 1/ (four components in total). However,attempted separations of the mixture were unsuccessful.
The NMRspectrum (D2O) gave complex signals and supported the presence of at least two com- (b) With Carboxypeptidase A: To a suspension of the monohydrochloride of 2a (2mg) in water (0.5 ml), 1 % aqueous carboxypeptidase A solution (0.02 ml) was added; the mixture was adjusted to pH 8 by addition of0.05 n aqueous sodium hydroxide and then digested at 27°C for 3 hours. Cellulose TLC (Solvent system B) of the solution showed the appearance of leucine (Rf 0.58) and 1 (Rf 0.25) and the complete disappearance of the starting material (Rf 0.53).
Crude 2a was also digested with carboxypeptidase A to give a trace of isoleucine in addition to leucine and 1. By quantitative amino acid analysis the molar ratio of isoleucine and leucine was 1 : 14.
Compound1 was resistant to the action of carboxypeptidase. Hydrolysis of 2b. (a) With Hydrochloric Acid: The monohydrochloride of 2b (1 mg) was hydrolyzed with 0.1 n hydrochloric acid (0.1 ml) as described for 2a, and showed valine (Rf 0.52) and 1 (Rf 0.25), in addition to the starting material (Rf. 0.51) by cellulose TLC (Solvent system B).
(b) With Carboxypeptidase A: The monohydrochloride of 2b (1 mg) digested with 1 % aqueous carboxypeptidase A solution (0.01 ml) as described for 2a showed only two products, valine (Rf 0.52) and 1 (Rf 0.25), by TLC in the same system.
Complete Hydrolysis of 2a and 2b. A solution of 2a and 2b (180mg) in 3 N hydrochloric acid (36 ml) was heated in a sealed tube at 140°C for 55 hours. Cellulose TLC(Solvent system B) of the solution showed the presence of leucine (Rf 0.58 ; purple nihydrin), phenylalanine (Rf0.57 ; blue ninhydrin), valine (Rf 0.52) and 4 (Rf 0.18), without 1, 7a, 7b and the starting material. The solution was evaporated to give a residue (200 mg), which was chromatographed on a column of silica gel (Wako gel, 70 g) with Solvent system D. A mixture of phenylalanine, leucine, and valine, which was eluted in the fraction from 90-170 ml, was chromatographed on a column of Amberlite CG-50 (H form) to give DL-phenylalanine (35 mg) and a mixture (50 mg) of L-leucine and L-valine. Substance 4, which was eluted in the fraction from 230-530ml, was passed through a short column of Dowex 1 x2 (OH form) to give the pure free base of 4 (46.5 mg). Preparation of 1,2-Di-O-Acetyl-3-Phenylpropane (8). To a solution of 3 (130 mg) in ethyl ether 7.5 [5H m, phenyl (in Phe)].
Compound10b was hydrolyzed with 6 n hydrochloric acid as described above to give L-valine and DL-phenylalanine. It was identical in mp, IR, NMRand optical rotation with L-valyl-DL-phenylalanine which was synthesized in the usual manner.
Edmandegradations of 10a and 10b gave phenylthiohydrantoins of leucine and valine, respectively, from thier N-terminal residues, and both phenylalanine as the C-terminal residue.
The other constituents 1 (48 mg), 2a (25 mg), 2b (8 mg), 9 (18 mg), L-leucine (28 mg), DL-phenylalanine (41 mg) and L-valine (5 mg) were isolated by the appropriate purification method described in preceding sections.
Enzymatic Hydrolysis of 9. Compound9 (3 mg) was digested with carboxypeptidase A. The method used here was virtually identical with that described for the enzymatic hydrolysis of 2a. After 30 minutes, cellulose TLC (Solvent system B) showed the appearance of 2a (Rf 0.53 ; major), 2b (0.51 ; minor) and phenylalanine (presumably L-isomer; 0.57; major) in addition to the unchanged starting material 9D (presumably containing D-phenylalanine as a C-terminal amino acid; Rf 0.57). After 3 hours, cellulose TLCshowed the presence of ninhydrin-positive spots corresponding to L-leucine (Rf 0.58; major), L-phenylalanine (0.57; major) and L-valine (0.52; minor), and the presence of a RydonSMiTH-positive spot corresponding to 1 (Rf 0.25 ; major), in addition to the unreacted starting material 9D (0.57). On TLC, paper chromatography, and high voltage paper electrophoresis, leucine and isoleucine had identical mobility and were indistinguishable from each other, but by quantitative amino acid analysis they were distinguishable and the molar ratios of phenylalanine, leucine, valine and Isoleucine were 16: 10: 2: 1.
Isolation of D-Phenylalanine from D-Phenylalanine-containins 9D. A sample of 9 (100 mg) was hydrolyzed with carboxypeptidase A at 27°C for 12 hours, as described above. The hydrolysate was chromatographed on a column of cellulose powder (30 g) with Solvent system B. A mixture of 9b, L-leucine, L-valine and L-phenylalanine, was eluted in the fractions from 63 -93 ml, and compound 1 apparent at 117-159 ml. The former fraction was evaporated to a residue, which was then chromatographed with a column of Amberlite CG-50 (H form, 12 x 130 mm); water (60 ml) eluted leucine, phenylalanine and valine. Subsequent development with 1 n ammoniaeluted 9© in the fraction from 32-64 ml; it was obtained as a colorless solid, 24 mg.
A solution of 9D (24 mg) in a mixture of acetic acid (2 ml) and 3 n hydrochloric acid (3 ml) was heated in a sealed tube at 120°C for 3 hours and the solution was evaporated. Cellulose TLC(Solvent system B) of the residue showed the presence of leucine (Rf 0.58), phenylalanine (0.57), valine (0.52) and 1 (0.25). The residue was chromatographed on a column of cellulose powder (5 g) with the same solvent system. A mixture (70 mg) of leucine and phenylalanine, which was eluted in the fraction from 14-23 ml, was again chromatographed on a column of CM-Sephadex C-25 (H form, 12 x 115 mm) with water. The fraction (46-52 ml) containing phenylalanine was evaporated and recrystallized from water to give D-phenylalanine as colorless plates; 2 mg; [M]% +54° (c 0.25, water) [lit.3c) : [M]^5 +57.0°( water)]. The IR spectrum of this sample was superimposable on that of authentic D-phenylalanine.
Upon enzymatic hydrolysis, 9D remained unchanged owing to the presence of D-phenylalanine as one of the C-terminal residues (the other one is the L-isomer on moiety 1).
